The protein ApsB has been shown to play critical roles in the migration and positioning of nuclei and in the development of conidiophores in Aspergillus nidulans. The functions of ApsB in Fusarium graminearum, a causal agent of Fusarium head blight in China, are largely unknown. In this study, we used the BLASTP program at the Broad Institute to identify FgApsB, an F. graminearum homolog of A. nidulans ApsB. The functions of FgApsB were evaluated by constructing a deletion mutant of FgApsB, designated DFgApsB-28. Conidiation and mycelial growth rate are reduced in DFgApsB-28. The hyphae of DFgApsB-28 are thinner than those of the wild type and have a different branching angle. DFgApsB-28 exhibited reduced aerial hyphae formation, but increased production of rubrofusarin. Whereas nuclei are evenly distributed in germ tubes and hyphae of the wild type, they are clustered and irregularly distributed in DFgApsB-28. The mutant exhibited increased resistance to cell wall-damaging agents, but reduced virulence on flowering wheat heads, which is consistent with its reduced production of the toxin deoxynivalenol. All of the defects in DFgApsB-28 were restored by genetic complementation with the parental FgApsB gene. Taken together, the results indicate that FgApsB is important for vegetative differentiation, asexual development, nuclear migration, and virulence in F. graminearum.
Introduction
The protein ApsB (aps = anucleate primary sterigmata), which was identified by mutagenesis, was found to control nuclear migration and positioning in Aspergillus nidulans (Clutterbuck, 1994) . The ApsB gene encodes a 178-kDa coiled-coil, hydrophilic protein and has been localized to the spindle pole bodies (SPBs), to septa (AspGD data base: http://www.aspergillusgenome.org; Veith et al., 2005) , and to spots in the cytoplasm (Suelmann et al., 1998) . In the absence of ApsB, nuclei are irregularly distributed in the multinucleate hyphae; that is, they are clustered in some areas and absent in others. In addition to this hyphal phenotype, the ApsB mutation severely affects conidiophore development, which results in reduced spore production (Clutterbuck, 1994) . Previous studies have proved that ApsB is involved in regulating nuclear migration and positioning (Suelmann et al., 1998) , but how ApsB participates in nuclear migration and positioning is unclear. Because nuclear migration and positioning are important for the normal growth and development of many eukaryotes including Saccharomyces cerevisiae, Schizosaccharomyces pombe, and filamentous fungi (Adams & Cooper, 2000; Hoepfner et al., 2000; Morris, 2000; Tran et al., 2001) , ApsB has been the focus of extensive study.
Nuclei do not always travel individually, but are sometimes connected by a microtubule and thus moved synchronously. The SPB appears to be pulled by the attached microtubules (Berns et al., 1992; Veith et al., 2005) . In S. pombe, microtubules are generated from nuclear microtubule-organizing centers (MTOCs), interphase MTOCs, and the equatorial MTOCs (eMTOCs), which are also characterized by the ApsB-homologous protein mto1 (formerly named mod20 or mbo1; Heitz et al., 2001; Sawin et al., 2004; Samejima et al., 2005) . The structure of the nuclear MTOC of S. cerevisiae has been extensively studied, and recent reports indicate a similar structure for the nuclear MTOC of Ashbya gossypii (Jaspersen & Winey, 2004; Lang et al., 2010a, b) . In A. nidulans, the microtubule array is produced by the activity of MTOCs at the SPB, in the cytoplasm, and at septa (Konzack et al., 2005) . Recent studies have revealed that the ApsB mutation can affect MTOC activities at septa more than that at SPBs, which leads to a reduced number of cytoplasmic microtubules in A. nidulans (Veith et al., 2005) . In addition, ApsB also interacted with gamma-tubulin at SPBs, at septa, at the tips of growing hyphae, and in spot-like structures in the cytoplasm and with the Woronin body protein HexA in A. nidulans (Zekert et al., 2010) . Gamma-tubulin, which is a characteristic MTOC member, was recruited when microtubule polymerization was initiated (Zheng et al., 1995; Xiong & Oakley, 2009) . The Woronin body is centered on a self-assembled matrix protein, HexA, and functions to seal the septal pore in response to hyphal wounding (Jedd & Chua, 2000; Soundararajan et al., 2004; Maruyama et al., 2005) . HexA was targeted to a subclass of peroxisomes via a PTS1 peroxisomal targeting sequence, and the PTS2 motif of ApsB was important for asexual spore formation, but could be replaced with a PTS1 motif at the C-terminus of ApsB (Zekert et al., 2010) .
Because ApsB is essential for microtubule organization, nuclear positioning, and conidiophore development, the functions of ApsB have been well studied in lower filamentous fungi, such as A. nidulans. However, the functions of homologous genes in higher filamentous fungi such as Fusarium graminearum are unknown. Fusarium graminearum is a causal agent of Fusarium head blight (FHB) or scab of wheat and barley and causes severe yield and economic losses in these crops worldwide (Bai & Shaner, 2004; Goswami & Kistler, 2004) . In North America in the 1990s, for example, the total economic loss caused by FHB was estimated at $3 billion (Windels, 2000) . In addition to reducing grain yield and quality, the fungus produces harmful mycotoxins in infected grain; these mycotoxins, which include deoxynivalenol, nivalenol, and zearalenones, are a threat to human and animal health (Sutton, 1982; Desjardins, 2006) . Despite the high economic impact of FHB, efficient strategies for the control of FHB are not available, partly because of the lack of type I resistance genes and the complexity of resistance identified in germplasm (Mesterhazy, 1995; Rudd et al., 2001) . Understanding the functions of genes in F. graminearum is important because it could contribute to the control of this pathogen.
In this research, we investigated the role of FgApsB in the biology of F. graminearum. Using a loss-of-function mutant (DFgApsB-28), we show that FgApsB not only affects nuclear migration and positioning, but also influences vegetative differentiation and virulence in F. graminearum.
Materials and methods
Construction of vectors for the deletion and complementation of FgApsB using double-joint PCR technique Fusarium graminearum strain 2021, which was originally isolated from infected wheat ears, was used as the wildtype strain. FgApsB was originally identified through homology searches of the F. graminearum genome sequence (available at http://www.broadinstitute.org/ annotation/genome/fusarium_group/) by BLASTP using the ApsB from A. nidulans (AN3437) as query. To investigate the functions of ApsB in F. graminearum, we generated FgApsB deletion mutants. A gene replacement cassette DFgApsB carrying the hygromycin resistance gene and herpes simplex virus thymidine kinase gene flanked by DNA sequences corresponding to the sequences located at the 5′ (left junction) and 3′ (right junction) ends of the FgApsB gene was constructed by double-joint PCR as previously described (Yu et al., 2004) . In the first PCR round, fragments 1.6 kb upstream and 1.6 kb downstream of FgApsB were amplified from the genomic DNA of strain 2021 using the primer pairs D1/D2 and D3/D4, respectively .The primers HTF/HTR were used to amplify a 3.5-kb fragment encoding the HPH-HSV-tk cassette containing the hygromycin resistance gene, the herpes simplex virus thymidine kinase gene, and the A. nidulans trpC promoter. This cassette was initially amplified from the PtrpChptA-PItk plasmid (data not shown). The three amplicons (left junction, HPH-HSV-tk cassette, and right junction) were gel-purified using the OMEGA BIO-TEK gel purification kit, mixed at a 1 : 3 : 1 molar ratio, and used as a template for the fusion round, which was performed using La Taq Polymerase (TaKaRa) without primers. In the third PCR round, 1 lL of product from the second PCR round was used as a DNA template to amplify a 6.5-kb DNA fragment using the primers D1/ D4. The DNA fragment generated from the third PCR round, which carried the HPH-HSV-tk cassette fused to the FgApsB flanking regions, was gel-purified and used to transform protoplasts of F. graminearum strain 2021.
One of the FgApsB deletion mutants (DFgApsB-28) was complemented with the full-length FgApsB gene to confirm that the phenotype changes in FgApsB deletion mutant were due to the disruption of the gene. The vector for the complementation of FgApsB was amplified from the genomic DNA of strain 2021 using primers D1/D4. Before this vector was transformed into strain 2021, FgApsB in the vector was sequenced to ensure The novel functions of FgApsB in F. graminearum flawlessness of the sequence. The complemented strain was designated DFgApsB-28C.
Protoplasts preparation and transformation of F. graminearum
For the preparation of protoplasts, conidia of strain 2021 were harvested from 7-day-old cultures growing in mung bean liquid medium (MBL; 30 g of mung beans boiled in 1 L water for 20 min and then filtered through cheesecloth; and added to YEPD liquid medium (w/v, 1% peptone, 0.3% yeast extract, 2% glucose). After 12 h at 25°C, the young mycelium in the YEPD liquid medium was filtered, washed with 0.7 M NaCl, and treated with lysing enzyme (5 mg mL À1 of 0.7 M NaCl; Sigma), driselase (5 mg mL À1 of 0.7 M NaCl; Sigma), and chitinase (0.05 mg mL À1 of 0.7 M NaCl; Sigma). After 2 h at 30°C, the enzyme solution was filtered through three layers of lens paper to eliminate mycelial residues. The protoplasts in the filtrate were then washed twice with 0.7 M NaCl and twice with STC (0.8 M sorbitol, 0.05 M Tris, pH 8.0, 50 mM CaCl 2 ) and resuspended in SPTC (STC with 40%, w/v, PEG6000) buffer (STC : SPTC = 4 : 1). For the transformation, 10 7 protoplasts in 200 lL of SPTC buffer and 40 lL (100 lg lL
À1
) of target DNA in 10 lL of heparin sodium were mixed and incubated on ice for 30 min; 1 mL of SPTC was the mixed with the suspension and incubated at room temperature for 20 min. Protoplasts were mixed into 200 mL of regeneration medium (0.1% yeast extract, 0.1% casein hydrolysate, 1.0 M sucrose, 1.6% granulated agar) at 43°C, which was poured into 9-cm-diameter petri plates (20 mL per plate) and incubated at 25°C. After 12-24 h, the plates were overlaid with 10 mL of selective agar (1.2% granulated agar in water containing 100 lg mL À1 hygromycin B) and further incubated. Transformants were obtained 3 days post-transformation. They were transferred to fresh potato sucrose agar plates (PSA) with 100 lg mL À1 hygromycin B (which would support growth of the transformants, but not support growth of the complementations) and 0.2 lM floxuridine (which would support growth of the complementations, but not support growth of transformants). The putative transformants were purified by single-spore isolation. Transformation of DFgApsB-28 with the full-length FgApsB gene was conducted as described above, except that floxuridine was used as a selection agent.
Mycelial growth and conidiation assays
The wild-type strain 2021, deletion mutant DFgApsB-28, and complemented strain DFgApsB-28C were routinely cultured on PSA, complete medium (CM), or minimal medium (MM) plates at 25°C (Correll et al., 1987; Marui et al., 2012) . For testing sensitivities to various stresses, mycelial growth was assayed after incubation at 25°C for 3-8 days on PSA plates with 1.2 M NaCl or KCl (osmotic stress agents), 0.05% (w/v) Congo red and 5 mM caffeine (cell wall-damaging agents), or 0.05% SDS (w/v, a cell member-damaging agent) in the dark. Each plate was inoculated with a 5-mm-diameter mycelial plug taken from the edge of a 3-day-old colony. There were three replicate plates for each treatment, and colony diameter in each plate was measured; the diameter of the original mycelial plug (5 mm) was subtracted from each measurement. The percentage of mycelial growth inhibition (RGI) was calculated using the formula RGI = ((A À B)/ (A À 5)) 9 100, where A is colony diameter of the control, and B is that of a treatment. Each experiment was independently repeated three times. For conidiation assays, five mycelial plugs (5 mm in diameter) taken from the periphery of a 3-day-old colony of each strain were added to a 50-mL flask containing 30 mL of MBL medium. Each strain was represented by three flasks. The flasks were incubated at 25°C for 5 days with shaking (185 r.p.m.). The number of conidia in MBL broth in each flask was determined with a hemacytometer and microscope. The experiment was repeated three times.
Microscopic examination of hyphae and germ tubes
The migration and positioning of nuclei were determined for the wild-type parental strain (2021) and the FgApsB deletion mutant (DFgApsB-28). Freshly harvested conidia and mycelial plugs were cultured in liquid YEPD medium for 16 and 36 h, respectively. Nuclei were stained with 5 lg mL À1 DAPI and then examined with an Olympus IX-71 microscope. Hyphal tip growth and branching of strain 2021 and DFgApsB-28 were examined for cultures grown on a thin layer of water agar for 36 h (Hou et al., 2002; Zhou et al., 2010) .
Quantitative RT-PCR
RNA samples were isolated with TRIzol reagent (Invitrogen, Carlsbad, CA) from 2-day-old mycelia grown in PSA. First-strand cDNA was synthesized with the PrimeScript â RT reagent kit (TaKaRa). All qRT-PCRs were performed with an ABI 7500 real-time detection system (Applied Biosystems). Primers used for quantitative RT-PCR (qRT-PCR) analysis are listed in Table S1 . All data were normalized to actin gene expression, and relative changes in gene expression levels were analyzed with ABI 7500 SDS software (ABI), which automatically set the baseline. Data from three biological replicates were used to calculate the mean and standard deviation.
Virulence assay on flowering wheat heads
Conidia harvested from 7-day-old MBL cultures of the wild-type strain 2021, the FgApsB deletion mutant (DFgApsB-28), and the complemented strain (DFgApsB-28C) were harvested and suspended in sterile-distilled water at 5 9 10 5 conidia mL
À1
. Wheat heads of cultivar Zhenmai 5 were inoculated with 10 lL of the conidial suspensions as described by Gale et al. (2002) . There were thirty replicates for each strain. After inoculation, each wheat head was placed in a plastic bag for 48 h to maintain moisture, and the wheat plants were then maintained in a greenhouse. Disease severity was calculated as the percentage of blighted spikelets in each head 15 days after inoculation. The pathogenicity among the wild type and the mutants was compared using Fisher's LSD test.
Analysis of deoxynivalenol production in vitro and expression levels of TRI5 and TRI6
For the assay of deoxynivalenol production in vitro, conidia of the wild type and the two mutants were collected and suspended in GYEP liquid medium (5% glucose, 0.1% yeast extract, and 0.1% peptone) to a concentration of 1 9 10 5 conidia mL
. After 7 days at 28°C in the dark, the young mycelium growing in the GYEP liquid medium was filtered, dried, and weighed. The filtrate was collected, and its volume was recorded. After the filtrate was extracted with the same volume of ethyl acetate and distillated, a deoxynivalenol sample was obtained from 20 mL of the filtrate. The deoxynivalenol sample was resuspended in 100 mL of TMSI : TMCS (100 : 1), incubated at 37°C for 1 h, and then mixed with 1 mL of isooctane and 800 lL of sterile water. After the aqueous and organic layers were completely separated, the top phase was analyzed with a GC-MS. Nitrogen was used as the carrier gas at a constant flow rate of 1 mL min À1 through an Agilent HP-5 (30 m 9 320 lm 9 0.25 lm) capillary column with the injector temperature of 300°C. Deoxynivalenol production was expressed per gram of mycelium.
For quantification of the expression levels of two trichothecene biosynthesis genes, TIR5 and TRI6, mycelia of each strain were added to GYEP liquid medium and cultured for 2 days at 28°C in the dark. Total RNA was extracted from the mycelia of each sample, and expression levels of TRI5 and TRI6 were determined with qRT-PCR assays. The experiment was repeated three times.
Results
Deletion and complementation of FgApsB in F. graminearum
The nucleotide sequence of FgApsB (FGSG_10970.3) was 4613 bp long, was predicted to have one intron, and encoded 1517 amino acids. Phylogenetic analysis showed that the amino acid sequence of FgApsB showed 41% similarity with ApsB of A. nidulans and is homologous to the Mto1 protein in S. pombe or the anucleate primary sterigmata protein B in other fungi (Fig. S1, Supporting  information) .
To investigate the functions of FgApsB, we generated targeted deletion mutants by transformation of the gene replacement cassette HPH-HSV-tk (Fig. S3a) in the parental F. graminearum 2021 strain. Following purification by single-spore isolation, 60 FgApsB transformants were obtained, and 3 (nos 15, 28 and 55) were randomly selected for further validation. Putative deletion strains were examined by PCR amplification to detect the integration of the left and right portions of the deletion cassette and the coding sequence replacement by the HPH-HSV-tk cassette using different primer combinations (Fig. S3b) . RT-PCR analyses of RNA extracted from the mutants showed that they had completely lost the target transcript (Fig. S3c) . Southern blot analysis using genomic DNA of the parental strain and mutants showed a profile consistent with the insertion of the HPH-HSV-tk cassette in the target locus by a double recombination event (Fig. S3d) . One of the DFgApsB mutants (DFgApsB-28) was complemented with the wildtype gene FgApsB. The putative complementations were examined by RT-PCR and Southern blot analysis ( Fig. S3c and d) .
The FgApsB gene is important for hyphal growth in F. graminearum
The FgApsB deletion mutant grew significantly slower than the parental strain 2021 (Table 1) and had a distinctive colony morphology on PSA plates (Fig. 1a) . To determine whether the growth defects were medium dependent, we grew the FgApsB deletion mutant on CM and MM media. The colony defects observed on PSA plates were also observed on MM and CM plates (Fig. 1a) . In addition, DFgApsB-28 exhibited reduced aerial hyphal growth on PSA, CM, and MM (Fig. 1a) . Microscopic examination of hyphae grown on water agar revealed that the FgApsB deletion mutant had a thinner and distorted hyphae than the wild type (Fig. 1b) . On the edge of water agar cultures, more than 50% hyphal branches of the mutant had the branching angle below 45 The novel functions of FgApsB in F. graminearum degrees, and there are about 21% hyphal branches that had the branching angle over 90° (Table S2 ). In contrast, most of the hyphal branches had the branching angle over 45°and below 90°in the wild-type strain 2021 and the complemented strain DFgApsB-28C (Table S2) . However, the phenotypic defects exhibited by the deletion Growth rate and conidiation were measured after incubation for 3 and 5 days, respectively. Mean and standard deviation were calculated from three replicates. The same letter indicated that there was no significant difference. Different letters were used to mark statistically significant differences (P > 0.05).
b Deoxynivalenol production in GYEP inoculated with 1 9 10 5 spores and cultured for 7 days. Data were collected from three replicates. mutant when growing on solid media were restored by genetic complementation with the FgApsB gene in the complemented strain DFgApsB-28C (Fig. 1a) . These results indicate that the FgApsB gene affects the rate and nature of hyphal growth in F. graminearum.
Effects of FgApsB on conidial differentiation and nuclear migration and positioning
In MBL medium, DFgApsB-28 produced significantly fewer conidia than the wild-type or the complemented strain (Table 1 ). In addition, nuclear migration and positioning were abnormal in DFgApsB-28. Whereas nuclei were evenly distributed wild-type cells, they were unevenly distributed and clustered in germ tubes and hyphae of DFgApsB-28 (Fig. 2) . These results indicate that FgApsB affects conidial differentiation and nuclear migration and positioning in F. graminearum.
Effects of FgApsB on the pigment biosynthesis pathway in F. graminearum
When growing on solid medium, DFgApsB-28 exhibited enhanced red pigment formation; that is, the colony of DFgApsB-28 was dark red, while those of the wild-type and the complemented strain were pink (Fig. 1a) . Quantitative real-time PCR assays showed that the six genes involved in pigment biosynthesis were significantly down-regulated in DFgApsB-28 (Table S3) ; this was especially true for Gip1 and AurF, which control the conversion of rubrofusarin to aurofusarin (Frandsen et al., 2006) . These results indicate that the disruption of FgApsB suggested a direct or indirect effect on the pigment biosynthesis pathway. The novel functions of FgApsB in F. graminearum
Resistance of the FgApsB deletion mutant to cell wall-damaging agents
Compared with the wild-type strain, FgApsB deletion mutant (DFgApsB-28) did not show recognizable changes in RGI on PSA amended with various stress agents including osmotic stress agents 1.2 M NaCl or KCl (Fig. S2) . However, the resistance to cell wall-damaging agents (0.05% Congo red or 5 mM caffeine) was greater in DFgApsB-28 than in the wild type (Fig. 3a) . To further confirm the involvement of FgApsB in the regulation of the cell wall integrity (CWI) pathway, we determined the expressions of FgMKK1 (FGSG_07295) and FgSLT2 (FGSG_10313), which are homologous to the S. cerevisiae CWI core element genes, Mkk1 and Slt2, respectively. Interestingly, only the expression of FgSLT2 in DFgApsB-28 was slightly up-regulated (Fig. 3b) . In addition, DFgApsB-28 was slightly sensitive to the cell memberdamaging agent 0.05% SDS (Fig. 3a) . These results indicate that FgApsB increased resistance to cell wall-damaging agents, but are not associated with the CWI pathway.
Requirement for FgApsB in full virulence of F. graminearum
The virulence of the deletion mutant DFgApsB-28 was compared with that of the wild-type strain (2021) and the complemented strain (DFgApsB-28C) by inoculating the wheat cultivar Zhenmai 5 with macroconidia. The wild-type strain and the complemented strain induced typical symptoms on the inoculated spikelet 3 days postinoculation (dpi), and the disease had spread into the adjacent spikelets by 15 dpi (Fig. 4) . The deletion mutant, in contrast, induced disease symptoms only at the point of inoculation and had not spread by 15 dpi (Fig. 4) . At 15 dpi, the percentage of spikelets with symptoms was significantly lower with DFgApsB-28 than with the wildtype strain or the complemented strain (Table 1) . These results indicate that the disruption of FgApsB reduces the virulence of F. graminearum on wheat.
FgApsB affects the expression levels of TRI5 and TRI6 and deoxynivalenol biosynthesis
Trichothecene mycotoxins are sesquiterpenes and secondary metabolites of F. graminearum strains, and the trichothecene mycotoxin deoxynivalenol is an important virulence factor in F. graminearum (Proctor et al., 1995; Desjardins et al., 1996; Seong et al., 2009) . Because the deletion of FgApsB reduced the virulence of F. graminea- , arrowheads) and was maintained in a humid greenhouse. Photographs were taken after incubation for 15 days.
rum on wheat, we were interested in determining how deletion of FgApsB affected deoxynivalenol production. After culture in GYEP medium for 7 days, DFgApsB-28 produced about one-third of the amount of deoxynivalenol relative to the wild-type strain 2021 or the complemented strain DFgApsB-28C (Fig. 5a ). To further confirm these results, we analyzed expression levels of two trichothecene biosynthesis genes TRI5 and TRI6 by quantitative real-time PCR using RNA samples isolated from mycelia grown in GYEP medium. The expression levels of TRI5 and TRI6 were substantially lower in DFgApsB-28 than in the wild-type or the complemented strain (Fig. 5b) .
Discussion
Nuclear movement and positioning of the mitotic spindle are important in eukaryotic cells, and lower fungi such as S. cerevisiae and A. nidulans are ideal microorganisms for studying the molecular biology underlying nuclear migration. The protein ApsB, which was first identified in A. nidulans, affects nuclear distribution in hyphae and, when mutated, specifically blocks conidiophore development at the metula stage (Clutterbuck, 1994) . In this study, we found that the FgApsB deletion mutant DFgApsB-28 of F. graminearum produced significantly fewer conidia than the wild-type strain or the complemented strain. In addition, nuclei in DFgApsB-28 are clustered, and some areas in the germ tub and hyphae lack nuclei. These results suggest that the functions of FgApsB in F. graminearum are similar to those of ApsB in A. nidulans.
To our knowledge, however, the involvement of FgApsB in the regulation of hyphal growth/branching under normal culture conditions has not been reported in F. graminearum. In addition to growing slowly, DFgApsB-28 also produced fewer aerial hyphae than the wild-type or the complemented strain, suggesting that FgApsB affects the growth of hyphae including aerial hyphal. Previous studies showed that the mutants, which reduced aerial hyphal, also reduced hydrophobicity of the hyphal surface (Jiang et al., 2012; Zheng et al., 2012) . However, DFgApsB-28 did not alter hydrophobicity of the hyphal surface (data not show). Although the hydrophobic property on cell surface is a distinct feature of aerial hyphae in many fungal species (Kershaw & Talbot, 1998; Wosten et al., 1999) , the reduction in aerial hyphae could not also reduce hydrophobicity. In addition, the vegetative hyphae of DFgApsB-28 also had different branching angles and were thinner and distorted than those of the wild type, suggesting that FgApsB may be involved in the negative autotropism of F. graminearum hyphal growth.
DFgApsB-28 exhibited enhanced red pigment formation. To further investigate whether FgApsB affects pigment biosynthesis in F. graminearum, we measured the relative expression levels of six genes involved in pigment biosynthesis. Quantitative real-time PCR assays showed that the six genes were significantly down-regulated in DFgApsB-28 (Table S3) . However, a previous study showed that the disruption of type II myosin gene, which produced severe growth defects, led to up-regulated more than twofold of these genes related to the biosynthesis of aurofusarin (Song et al., 2013) . Because ApsB is a SPB protein and conserved between A. nidulans and F. graminearum, these results may suggest an indirect effect on secondary metabolism caused by deletion of FgApsB gene.
Tip growth is common among filamentous fungi (Xiang & Morris, 1999) . During tip growth process, cell wall materials are synthesized at the apex and added uniformly (Wessels, 1986) . The fungal cell wall is a dynamic organelle that functions in many important processes. It must provide the cell with sufficient mechanical strength to withstand changes in osmotic pressure and other environmental stresses. To evaluate general stress responses of the FgApsB deletion mutant, we determined the sensitivity of DFgApsB-28 to osmotic stress agents (NaCl and KCl), cell wall-damaging agents (Congo red and caffeine), and a cell member-damaging agent (SDS). We found that DFgApsB-28 exhibited increased resistance to Congo red and to caffeine, but only the expression of FgSLT2 in DFgApsB-28 was slightly up-regulated (Fig. 3) . Although the reduced growth rate of DFgApsB-28 may lead to an increase in the accumulation of cell wall materials, the disruption of ApsB led to a reduced number of cytoplasmic microtubules in A. nidulans (Veith et al., 2005) , which may affect the long-range transport of the tip vesicles containing cell wall materials along the microtubules (Howard & Aist, 1980; Lehmler et al., 1997; Seiler et al., 1997; Inoue et al., 1998; Wu et al., 1998) . Taken together, these results suggest that the increased resistance of DFgApsB-28 to cell wall-damaging agents might result from the increased accumulation of cell wall materials or the slightly up-regulated expression of FgSLT2.
The F. graminearum deletion mutant DFgApsB-28 showed reduced virulence on wheat spikes. This could result from abnormal conidia and hyphae, but previous studies have shown that the trichothecene toxin deoxynivalenol, although not required for infection, is an important virulence factor that affects the spread of F. graminearum within a spike (Proctor et al., 1995; Desjardins et al., 1996; Bai et al., 2002; Seong et al., 2009 ). In the current study, the inability of DFgApsB-28 to spread in planta appears to be consistent with its reduced deoxynivalenol production in vitro. In addition, the expression levels of the trichothecene biosynthesis genes TRI5 and TRI6 were substantially decreased in DFgApsB-28. Because Kazan et al. (2012) suggested that most gene knockouts described so far have reduced toxin biosynthesis and attenuated virulence, the disruption of FgApsB might reduce trichothecene biosynthesis through an indirect effect on secondary metabolism.
In conclusion, we have used a deletion mutant to characterize the functions of FgApsB in F. graminearum. We found that the functions of FgApsB in F. graminearum are similar to those of ApsB of A. nidulans; that is, FgApsB affects conidial differentiation and nuclear migration and positioning. In addition, we provide an evidence for the involvement of FgApsB in hyphal growth/branching, trichothecene biosynthesis, and virulence in F. graminearum. Moreover, FgApsB also affects resistance to cell wall-damaging agents and the accumulation of rubrofusarin. Our results provide a foundation for further investigation of FgApsB function in F. graminearum and for the development of fungicides that target FgApsB for the control of FHB in cereal crops. Fig. S1 . Alignment of Fusarium graminearum FgApsB, Aspergillus nidulans ApsB, and homologs of other microorganisms. Fig. S2 . Assays for defects in stress responses. Cultures of the wild-type (2021), the FgApsB deletion mutant (DFgApsB-28), and the complemented strain (DFgApsB-28C) on PSA without/with 1.2 M NaCl or KCl, 0.05% Congo red, 5 mM Caffein or 0.05% SDS. Photographs were taken after incubation at 25°C for 3-8 days as labeled. Fig. S3 . Generation and identification of FgApsB gene deletion mutants. Table S1 . Oligonucleotide primers used in this study. Table S2 . Branching angle of the wild-type (2021), the FgApsB deletion mutant (DFgApsB-28), and the complemented strain (DFgApsB-28C) on water agar medium. Table S3 . Changes in the expression of genes involved in pigment biosynthesis in the FgApsB deletion mutant (DFgApsB-28) and the complemented strain (DFgApsB-28C) relative to the wild-type parental strain (2021) as indicated by quantitative real-time PCR (qRT-PCR).
